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ABSTRACT PAGE
Natural product synthesis has becom e increasingly important as new biologically 
relevant com pounds are isolated from various sources. While the structures o f such 
com pounds differ in many aspects, a com m on characteristic of many biologically active 
com pounds is the presence of one or more cyclic ethers such as tetrahydropyrans 
(THPs) and dihydropyrans (DHPs). Accordingly, efforts toward the construction of these  
functionalities have garnered significant attention. Building on recent investigations 
focused on the selective synthesis of 2,6-disubstituted tetrahydropyrans, studies on the  
correlation betw een nucleophile strength and facial selectivity were conducted. 
Catalytic quantities of inexpensive BiBr3 w ere used as a mild promoter for the formation 
of interm ediate 6-m em bered oxocarbenium ions from 6-silyloxyketones. In the  
presence o f a silylated nucleophile, intermolecular attack of the ion provides 2,2,6- 
trisubstituted tetrahydropyrans via a tandem  cyclization/addition sequence. With weak  
nucleophiles such as allyltrimethylsilane, high yields of products resulting from axial 
attack of the nucleophile w ere observed with com plete diastereocontrol (>99:1). The 
relative stereochem istry of addition was confirmed via X-ray analysis. When strong 
nucleophiles such as ketene silyl acetals w ere used, notable decreases in chemical yield 
w ere observed and com peting reactions occurred. We will describe the results from  
reactions using a number of different substrates as well as nucleophiles with varying 
reactivities.
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Background
The oxocarbenium ion is an important intermediate in the synthesis of cyclic 
ethers such as tetrahydropyrans (THPs) and dihydropyrans (DHPs). Molecules posessing 
these structural groups are often found in natural products that exhibit biological 
properties. Centrolobine, a c/5-2 ,6-disubstituted tetrahydropyran, is a molecule that has 
garnered significant attention as a model compound in synthetic chemistry. Both the (-) 
and (+) enantiomers were isolated from centrolobium species and have been found to 
exhibit anti-inflammatory and antibacterial activity (Figure l . l ) .1 The substantial 
biological activity and simplicity of the overall structure has led to numerous syntheses 
focusing on the formation o f the core THP as the key step. Strategies such as the hetero- 
Diels-Alder reaction, reductive etherification, olefin metathesis and Prins cyclization 
have been used to effectively synthesize both racemic and enantiopure forms of 
centrolobine.1; 2’3’4
(-)-1 (+)-1 
Figure 1.1. Structure o f (-) and (+) centrolobine
Although a number o f natural products contain 2 ,6-cz'5-disubstituted 
tetrahydropyrans, many 2 ,6-/r<ms-disubstituted natural products have also been isolated. 
Two important examples of such molecules are Phorboxazole and Leucascandrolide A 
(Figure 1.2). Isolated from a marine sponge in 1995, Phorboxazole was tested against the
National Cancer Institute panel of 60 human cell lines and exhibited exceptional 
cytotoxicity.5,6 Leucascandrolide A was first isolated in 1989 and later found to have 
high cytotoxicity against human tumor and leukemia cell lines and properties that make it
7 • • •an effective antifungal agent. Due to their important biological activity, efforts have 
been made to reisolate Leucascandrolide A and Phorboxazole. Unfortunately, attempts 
have been unsuccessful, thus chemical synthesis is the primary source of these 
molecules.5,8
OMe
MeO''' OH
OH
2a Phorboxazole A R ^ H , R2= OH
2b Phorboxazole B R ^ OH, R2= H
xXvO OMe O,
HN
OMe
/ -Pr
3 Leucascandrolide A
Figure 1.2. Phorboxazole and Leucascandrolide A
Inspection of the structure of Leucascandrolide A shows the presence of both cis- 
and trans-2,6 tetrahydropyran (THP) ring systems. In addition to 2 ,6-trans 
disubstitution, ring A contains a methyl substituent at the 3 position. Ring B, which has
2 ,6-cA-disubstitution, contains an ester moiety trans to the substituent at the 2-and 6-
3positions. Thus, in addition to controlling the stereochemistry at the 2- and 6-positions of 
the THP systems, the stereochemistry of additional substituents must be considered in 
synthetic planning.
Most recently, attempts towards the synthesis of the macrocyclic core of 
Leucascandrolide A containing rings A and B have employed strategies including 
enantioselective reactions4, olefin metathesis9, two-component etherification/oxa- 
conjugate addition10, Mukaiyama Aldol11, and Prins reactions. 12 The numerous attempts 
at determining more efficient synthetic strategies for these and other molecules 
containing THP systems demonstrate that cyclic ethers are a challenging yet vital part of 
bioorganic and synthetic organic chemical research. While a number of approaches have 
emerged as potential routes for functionalized tetrahydropyran synthesis, only a handful 
such as the Mukaiyama aldol, Prins cyclization, olefin metathesis, and one pot-two 
component reductive etherification reaction have demonstrated the effectiveness and 
practicality suitable for widespread use.
1.1 Mukaiyama Aldol Reactions in Tetrahydropyran and Dihydropyran Synthesis
Construction of cyclic ethers from acyclic structures requires formation of either a 
C-C, or C -0  bond. The general Mukaiyama aldol reaction is a Lewis acid catalyzed 
addition reaction o f silyl enol ethers or ketene acetals to aldehydes, ketones, and acetals 
that generates a new C-C bond. A variation o f this reaction is shown in eq 1.
4OTIPS
OTMS
(92%)
OTIPS
(1 )
OAc
20:1 (trans:cis)
A number of Lewis acids such as TiCl^ SnCU, Bu2Sn(03SCF3)2, Bu2SnC104,
Sn(OsSCF3)2, Zn(03SCF3)2, and LiC104 catalyze the reaction by coordination to the
1 ^carbonyl oxygen, thus creating an electrophilic center at the carbonyl. The facial
selectivity of the reaction is determined by two primary factors: enolate conformation and 
the transition state. The nature of the transition state can be controlled by the specific 
Lewis acid catalyst and steric bulk o f both the nucleophile and electrophile. While the 
potential for a closed transition state exists, the reaction most commonly proceeds via the 
open transition state. As shown in Figure 1.3, when the reaction proceeds through an 
acyclic transition state, control o f selectivity is determined by steric interactions. 
Accordingly, the combination o f large catalysts and substituents affords aldol products 
with great selectivity.
Figure 1.3. Acyclic Mukaiyama Aldol Transition State 
Rationalizing that the reaction proceeded through the open transition state 
depicted above, Lin and coworkers protected hydroxyl moieties as />methoxybenzyl
TMou ia TMSO R'E-enol ether
5ethers to optimize stereocontrol in their synthesis o f ring A, the 2,2,6 substituted 
tetrahydropyran, of Phorboxazole B (Scheme 1.1) .14 
Scheme 1.1
While the Mukaiyama aldol reaction effectively produces carbon-carbon bonds 
with good selectivity, it is somewhat limited in scope. Thus, the utility of the reaction 
has been coupled with a number o f other reactions to create efficient cascade sequences 
that afford cyclic ethers in fewer steps. The reaction is often used to bond cyclic ethers 
together, or as a method of substrate preparation for cyclization reactions that yield the 
desired dihydropyran or tetrahydropyran.
1.2 Tetrahydropyran and Dihydropyran Formation via Ring Closing Metathesis
Ring closing metathesis allows for the synthesis o f small to large cyclic alkenes 
most commonly using either first or second generation Grubbs’ catalysts (eq 2).15 The 
E/Z ratios observed in the product depend upon the ring strain and are influenced by ring 
size and substitution. Additionally, because the product of ring closing metathesis is a 
cyclic alkene, an additional hydrogenation step is required to afford the desired 
tetrahydropyran structure.
OPMB
OTMS
OPMB
PMBO OH
OPMB
TiCI2(0/'-Pr)2
(84%)
4:1 dr
6P(Cy)3
OBn OBn
P(Cy)?h
(2)
MOMO Ti(/OPr)4, CH2CI2, 
60 °C, 6h 
(94%)
MOMO. O
4 5
As shown in equation 2, Yadav and coworkers constructed ring D of 
Phorboxazole A using first generation Grubbs’ catalyst. In order to obtain the desired 
cyclic ether, lactone 5 was reduced, converted to a glycoside, then treated with 
allyltrimethylsilane under Lewis acid mediated conditions (Scheme 1.2). Conversion of 
the lactone to the ethyl acetal, 6 , resulted in cA-disubstitution which was reversed by 
addition of the nucleophile. It is important to note that the allyl product obtained was the
2,6-disubstituted dihydropyran. Further treatment o f the substrate was required to obtain 
the tetrahydropyran.
Scheme 1.2.
OBn OBn
MOMO
1. DIBAL-H
2. EtOH MOMO 'OEt
5 6
OBn
TMS
MOMOTMSOTf
(85%)
7
In their synthesis of the four stereoisomers o f centrolobine, Schmidt and Holter 
used olefin metathesis to generate the key dihydropyran precursor, then further treated
7the product to form the disubstituted THP as either the cis or trans isomer.4 As shown in 
Scheme 1.3, the stereochemistry was introduced through use of asymmetric reagents to 
afford enantiomerically pure homoallylic alcohols. Asymmetric allylation of aldehyde 8 
with (S, S)-9, established the stereochemistry o f the dihydropyran formed when allyl 
ether 11 was subjected to ring closing metathesis using first generation Grubbs’ catalyst. 
To complete the synthesis of (-)-centrolobine and (+)-c/?z-centrolobine, diazonium salt 13 
was combined with DHP 12 in a palladium catalyzed Heck reaction to produce 2 ,6-trans- 
disubstituted dihydropyran 14. The 2,6-disubstituted tetrahydropyrans of interest were 
obtained by hydrogenation of the double bond followed by deprotection or hydrolysis to 
afford 15 and (-)-l. Dihydropyran 14 was deprotected under acidic conditions to afford 
the epimerized product (-)-l while 15 was obtained using TBAF at low temperature to 
preserve the stereochemistry o f the protected alcohol. Using (R, R)-9, the same 
procedure was carried out to obtain the enantiomers o f 15 and (-)-l. This synthetic 
strategy demonstrates the effectiveness o f ring closing metathesis in the construction of 
both cis and trans cyclic ethers when chiral starting materials are employed.
8Scheme 1.3.
TBSO
TBSOTX,.
(S)-11
N
Br TBSO.
(S, S)-9
(72%)
er>98:2
PCy3
Cl,. |
Ru^zix
Cl'  PCy3 TBSO
(93%)
(S)-10
X>H NaH, .Br
(75%)
BF, ,A,OMeN"
Pd(OAc)?, NaOAc,
(91%) 
er >98:2
TBSO. OM e
(2S, 6R)-14
HO
1. Pd(OH)2/C, H2
2. [NBu4]F
1. Pd(OH)2/C, H2
2. HCI/ MeOH
OMe
(-)-epi-centrolobine 
( (2R,6S)-1a
OMe
(+)-epi-centrolobine
((2R,6R)-15
Olefin metathesis serves as an effective means o f selectively synthesizing 
substituted pyran systems. While it is possible to generate specific products in high yield, 
selectivity in key steps is contingent on enantiopure starting material and use of
9expensive chiral reagents. Additionally, ring closing metathesis affords dihydropyran 
ring systems which are subject to double bond migration resulting from olefin 
isomerization.
Scheme 1.4.
enol ether 
RCM/ double bond migration
allyl ether
Migration products can be avoided through suitable reaction conditions and 
substitution within the ring system or can be used strategically in synthetic planning of 
tetrahydropyran construction. As shown in Scheme 1.4, the use of a vinyl ether versus an 
allyl ether determines the extent to which olefin migration occurs. While enol ethers 
have the advantage o f affording the desired product with high selectivity in a single step 
and in the presence of one catalyst, the vinyl moiety is less reactive than the allyl ether. 
Conversely, allyl ethers have the advantage of reacting effectively with homoallylic 
alcohols which are easily accessible in enantiopure form, but the disadvantage of readily 
forming isomerization products.16
10
1.3 Tetrahydropyran and Dihydropyran Formation via Hetero Diels-Alder
Similar to olefin metathesis, Diels-Alder reactions are used to create ring systems 
from acyclic structures possessing unsaturation. More specifically, the Diels-Alder 
reaction is a 4+2 cycloaddition reaction usually utilizing an electron poor alkene, or 
dienophile, and an electron rich diene to form substituted cyclohexenes. Applications 
were later expanded to incorporate heteroatoms such as nitrogen and oxygen and found to 
proceed smoothly at low pH in the presence o f water to give dihydropyran derivatives (eq 
3) .17 Accordingly, the hetero-Diels-Alder (HDA) reaction is an efficient means of 
constructing DHPs and THPs.
Use o f asymmetric catalysts and Danishefsky’s diene in HD A has emerged as an 
effective method for stereoselectively generating dihydropyrans. In their synthesis o f 
ring B of Phorboxazole, Burke and coworkers demonstrated the efficacy o f the reaction
highly reactive towards the alkene and results in good yield while the asymmetric catalyst 
provides the desired dihydropyran in 91% ee. Stereoselectivity can also be controlled 
using chiral auxiliaries.
HO—| 
HO—
HO—
1. HC0C02Na, H20  H O -
2. MeOH. H________ w (3)
3.Ac20 , pyridine
(54%)
under the conditions outlined in eq. 4. 18 The electron rich nature o f the diene makes it
11
OTBDPS
OTBDPS
1.4 Tetrahydropyran Formation via Prins Cyclization
The Prins reaction is another reaction capable o f readily forming both C-C and C- 
O bonds. Accordingly, it has emerged as an effective means of selectively forming 
tetrahydropyrans and other related heterocyclic structures. Classically, the Prins reaction 
results from the combination o f an alkene and aldehyde in the presence o f a Lewis acid 
catalyst such as BF3»OEt2, TiCfi, or SnBfy. Since it was first described, the reaction since 
been modified so it can be conducted as a two component reaction employing a 
homoallylic alcohol, aldehyde/ketone/epoxide, and Lewis acid; or as a one component 
process in which an oxocarbenium ion is generated in situ (eq 5).19 In his 2001 synthesis 
o f Leucascandrolide A, Kozmin demonstrated the efficiency o f the Prins reaction in 
stereoselectively constructing tetrahydropyrans. As shown in equation 5, three 
stereocenters were generated in good yield under mild conditions when the Prins reaction 
was employed. In their synthesis o f (-)-centrolobine, Rychnovsky and coworkers used 
the one component Prins reaction with an acetate group acting as a “masked aldehyde” to 
produce the required 2,4,6-cis, c‘A-trisubstituted tetrahydropyran (eq 6). Under these 
conditions, the key oxocarbenium ion is formed by way of Lewis acid-acid catalyzed 
cleavage of the acetoxyether. 19 As demonstrated by the syntheses outlined above, under
12
appropriate conditions, the Prins proceeds through an oxocarbenium intermediate to yield 
the cis substituted tetrahydropyran product with high selectivity.
BnO OTs
SnBr4 (2.2 eq.) | 
CH2CI2/ -78 °C 
(84%)
94%ee
BnO
(6)
OTs
OH
CF3C 02H, 5°C;
LiOH, THF-H20  A  L J 
(77%) S d  '
While the Prins is a reliable method for bond formation, it requires precise 
experimental control in order to avoid formation of a diverse mixture of isolable products 
(Scheme 1.5) .19 The tertiary carbocation intermediate that occurs after initial C-C bond 
formation, A, is relatively stable, but is susceptible to elimination as well as attack by the 
intended nucleophile, a second equivalent o f aldehyde, or water. Reaction o f the cationic 
species with a second equivalent o f aldehyde affords the secondary carbocation B which 
successively cyclizes to a 1,3-dioxane product, D. Attack of the tertiary carbocation by a 
designated nucleophile results in formation of the 3-substituted alcohol, E. In the 
presence of water, C, a 1,3-diol is formed and subsequently becomes the elimination 
product, F, when either R3 or R4 is a hydrogen.
13
Scheme 1.5.
O Z'H  / T \  R4 R 3
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H R5 H R s ^ H  H i H ^
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R4 r 3
Rh y \ r° Y R5
OH R-| R2 H 
B
R4 R3
R5CHO R g ^ X ^  H2Q 
H OH R2
R4 R3
RsV v : Rl
h Y  r R2
OH OH 
1,3-diol 
C
\elimination
Nil- r4=h
R2 R-|
1,3-dioxane
D
R4.R3
R5^ X ^ R1XX
3-substituted
alcohol
E
R 3
R 5 X / R 1
H OH R
allylic alcohol 
F
As shown in Scheme 1.6, the one pot reaction proceeds through a simple 
mechanism in which the oxocarbenium intermediate undergoes a 6-endo cyclization to 
generate a secondary THP carbocation. The resulting ion acts as the electrophilic center 
for nucleophilic attack (Scheme 1.6).19 Overall, the reaction favors formation of the all 
cis product with substituents in the more stable equatorial conformation. This preference 
agrees with stability studies which indicate that chair conformers are lowest in energy 
when substituents occupy equatorial positions.
14
Scheme 1.6.
, MXn
R OH R H
O
+ .A,
0 ,MXn
R'
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R\ Z o^ R ’
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R’
While the Prins reaction is a reliable means of forming cis substituted 
tetrahydropyrans, considerable synthetic planning is required to suppress competing
90reactions. Under suitable conditions, 2-oxonia-Cope rearrangement occurs. As shown 
in Scheme 1.7, rearrangement results in a mixture of 5-exo and 6-endo products.19
Scheme 1.7.
R2
r 3
Ri 
^ O A c  
0  Rzl
acid
6-endo 
+ Nu‘
oxonia-Cope r 2\ A ^ y " Ri
R - A 6  R.
6-endo 
+ Nu’ / 5-exo
Nu
15
1.5 Tetrahydropyran Formation via Reductive Cyclization
Reductive cyclization is another efficient route towards the stereoselective 
synthesis of tetrahydropyrans. Currently, there are two common approaches employed in
lactone is subjected to nucleophilic attack to produce a lactol, which is subsequently 
acetylated and treated with a strong Lewis acid in the presence of triethylsilane (TES-H) 
to afford a c/5-2 ,6-disubstituted THP. The lactone precursor can also be used to produce 
the trans substituted THP in good yield as well. Reduction o f the lactone to the lactol 
followed by acetylation prepares the substrate for treatment with a Lewis acid to furnish 
the oxocarbenium ion, which is then attacked by the nucleophile to produce the desired 
trans product (Scheme 1.8).
Scheme 1.8.
THP formation can also be achieved by one-pot reductive cyclization which 
proceeds through hemiketal formation. Early work by Olah and coworkers demonstrated 
the ability to form the six-membered heterocycles through reductive etherification using a 
carbonyl compound, triethylsilane, and TMSOTf. These authors observed exclusive
formation o f the cis product and rationalized the selectivity based on stereochemistry of
22the proposed intermediate for the cyclization (Figure 1.4).
21these syntheses; the first o f which relies on the presence o f a lactone precursor. The
1) DIBAL-H
2) Ac?Q
3) BF3*OEt2 
/T M S
pseudoaxial pseudoequatorial
addition
pseudoequatorial
Figure 1.4. Rationalization for cis Reduction THP
Recent studies by Woerpel and coworkers agree that the reaction proceeds 
through the intermediates depicted above. The selectivity of the reaction is also 
determined by the nucleophile utilized in substitution. Good selectivity is observed when
99weak, rather than strong, nucleophiles are employed.
Evans, Hinkle and coworkers demonstrated synthetically efficient routes for the
99 9Apreparation o f cis- and /r<ms-2,6-disubstituted tetrahydropyrans. ’ The two component 
strategy uses hydrides, enol ethers, ketene acetals, and other species as a nucleophile and 
bismuth halides as the acid catalyst in a tandem cyclization/addition reaction (eq 7). 
Similar to the methods developed by Olah and Nicolau, the reaction requires the presence 
of a carbonyl and a 8-silyloxy ketone. A notable difference between Evans and previous 
reductive etherification procedures is the Lewis acid. Bismuth bromide, a cheap and mild 
acid catalyst, was employed and consistently afforded clean reactions with high or 
quantitative yields.
>99:1
Investigation o f the two component etherification reaction revealed that hydrogen 
bromide, generated from hydrolysis o f bismuth bromide, acts as a Bronsted acid which is 
the true catalyst of the reaction; the oxocarbenium species serves as the key intermediate. 
Furthermore, application of the reaction was expanded to include 2,2,6-trisubstituted 
tetrahydropyrans (eq 8).
?SiR3 9 cat. BiBr3 _ I I ,Nu + I KNu (8)
R  ’  - ' V “
I II    0---- ^  . ^ I U
NuSiR'3 R1 O R2 R1 O R2
1.6 Formation of the C-O Bond
As demonstrated by the Prins cyclization and reductive etherification reactions, 
formation of the C -0  bond in cyclic ethers can be accomplished through mechanisms in 
which oxygen initially acts as a Lewis base and leads to an oxocarbenium ion 
intermediate. The stereoselective model requires that the reaction proceeds through an 
SNl-like process. Selectivity of the substitution reaction is dependent on steric 
interactions and nucleophile strength. The homoallylic alcohol acts as the nucleophile in 
the Prins reaction and is followed by an intramolecular cyclization that generates a 
carbocation intermediate that determines the structure and selectivity o f the product 
(Scheme 1.6).
18
The reductive etherification reaction is governed by the oxocarbenium ion 
intermediate. In this process, the cyclic intermediate is stabilized by substituents on the a  
carbon. The conformation of the oxocarbenium intermediate controls the selectivity of 
the reaction. The general rationalization is based upon the notion that a more stable 
intermediate results in greater selectivity than an unstable and highly reactive 
intermediate.
The work described in this thesis aims to elucidate the relationship between 
nucleophile strength, substrate substitution, and the success o f the reaction with respect to 
selectivity and overall yield. While the work done by Woerpel suggests that increases in 
nucleophile strength result in an erosion of diastereoselectivity, it is important to note that 
his studies focus on substitution reactions o f oxocarbenium ions that lack substitution at 
the electrophilic carbon. The tandem cyclization/addition reaction developed by Evans, 
Hinkle, and coworkers and further studied by our group, proceeds through the 
oxocarbenium intermediate observed in substitution reactions, but is mechanistically 
more complex as protodesilylation, oxocarbenium formation, and nucleophilic attack 
occur in a cascade-like sequence.
RESULTS AND DISCUSSION
2.1 Effects of Nucleophile Strength
In an attempt to better understand the effects of nucleophile strength on the 
selectivity with which addition to the oxocarbenium intermediates occurs, studies were
19
performed using various neutral nucleophiles and electrophiles. The strengths o f the 
nucleophiles were previously determined by Mayr and coworkers based on the formula 
log k = s(N  + E) where s is a nucleophile specific parameter, and N and E are 
nucleophilicity and electrophilicity parameters; respectively. Accordingly, the N values 
determined correlate logarithmically to the rate of reaction o f the nucleophiles with 
carbocationic electrophiles.26 Woerpel et al. investigated the effects of nucleophile 
strength on the selectivity o f the substitution reaction o f tetrahydropyran lactols. As 
Woerpel’s results in table 2.1 suggest, the reaction occurred through SNl-like pathways in 
reactions when weak to moderate nucleophiles were used (entries 1-4). When strong 
nucleophiles such as silyl ketene acetals (entries 5 and 6) were employed, however, a 
marked loss in selectivity was observed. Woerpel and coworkers attributed this outcome 
to changes in mechanism from SnI to Sn2 when the rate o f substitution approached the 
diffusion controlled limit.
20
Table 2.1. Nucleophilic Substitution of C3 tert-Butyl Acetal 16 Activated by BF3*OEt2
t-Bu Nu—SiMe3 
BF3*OEt2
t-Bu t-Bu
CH2CI2
'C T  ^  0 Ac -78 °C to -42 °C
16
'O 'Nu 
cis-( 17-22)
'O  Nu 
trans-( 17-22)
entry Nu-SiMe3 A/a product cis/transb yield0 (%)
1 ^^TMS 1.8 17 1:99 67
OTMS
2 < t^-Bu 3.8 18 1:99 88
3
T^MS
4.4 19 1:99 80
OTMS
4 6.2 20 2:98 83
OTMS
5 ^OPh 8.2 21 17:83 93
6 OTMS
^On-Bu
10.2 22 34:66 69
aN = nucleophilicity parameter.24 ^Determined by GC and 1H NMR
spectroscopic analysis of the unpurified reaction mixture. c Isolated yield.
The diffusion controlled limit represents the maximum rate at which a 
bimolecular reaction can occur.27 As shown in Scheme 2.1, approach at the diffusion 
controlled limit results in attack o f the ion from either the equatorial, or axial direction 
giving two possible products. As is observed in chair conformations, the half-chair 
intermediate is most stable when alkyl substituents are in the pseudo-equatorial 
position 28,29 Accordingly, nucleophilic attack occurs preferentially on the more stable 
conformation, 23eq, via path a and/or b. Since path b proceeds through a high energy 
twist boat conformation before relaxing to the 1,3-cis product, it is the less favorable of 
the two pathways. When the reaction occurs at a rate below the diffusion-controlled 
limit, substitution occurs primarily following path a.
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Scheme 2.1.
1,3-trans chair
23 eq 1,3-c/s 1,3-c/s chair
twist boat
Nu
Nu-SiR3 CH Nu-SiR3>Nu^CU^ - ------
R Y  O Nu
1,3-c/s chairR1,3-trans chair 1,3-i-trans 
twist boat
Although equilibrium favors 23eq, the higher energy conformer with the R-group 
in the pseudo-axial position, 23ax, is also present in solution. Again, approach of the 
nucleophile from path c leads to the formation of a twist boat intermediate (1,3-trans
without intermediacy of the twist-boat conformation, it is higher energy than path c due 
to steric interaction between the approaching nucleophile and substituent at the 3 
position.
Under conditions in which a weak nucleophile such as allyltrimethylsilane is 
employed, substitution proceeds almost exclusively through path a to afford the trans 
product. This path is kinetically favored and advances directly to the low energy chair 
conformer o f the product. As the strength of the nucleophile is increased, products 
derived from approach of the nucleophile from path b are observed. Because 23eq is 
more stable, paths a and b are preferred over paths c and d. Preference for formation of 
the trans product resulting from axial attack, over the cis product, which proceeds
twist boat) which then relaxes to the chair form o f the trans product. While path d occurs
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through a twist boat intermediate, is further explained by the Curtin-Hammett Principle 
(Scheme 2.2).30' 31
Scheme 2.2.
Figure 2.1 depicts the differences in energy that lead to the observance of more 
stable product when axial attack o f both conformers o f the oxocarbenium ion 
intermediate occurs. Because 23eq is the lower energy conformation, substitution occurs 
more readily and with greater frequency than with 23ax. Additionally, when attacked as 
indicated in Figure 2.1, 23eq proceeds directly to the stable trans-24 chair product (path a, 
Scheme 2.1). If steric interactions are insignificant, axial attack of 23ax proceeds directly 
to cis-24ax which is significantly higher in energy than the trans-24 chair product. 
Inspection o f the alternate chair conformation o f cis-24ax reveals that it is the lower 
energy conformation based on its potential for equatorial substitution. Although cis-24eq 
is the lower energy product, it is observed as the minor product because it occurs through 
the kinetically disfavored pathway.
Nu
Nu
trans-24 23 eq
23
trans-24
Figure 2.1. Illustration of Curtin-Hammet, k23, k32 »  k2h k34
Applying the Curtin-Hammett Principle to our studies on the effect of 
nucleophilic strength on the selectivity o f tandem cyclization/addition reactions, we 
expected optimal selectivity when weak nucleophiles were employed and a noticeable 
decrease in selectivity as nucleophilic strength (N) was increased. In our attempt to fully 
investigate the trends, a series o f neutral nucleophiles with nucleophilicities ranging over 
a span of eight orders o f magnitude was employed (Figure 2.2) in the one pot cyclic ether 
synthesis method developed by Evans, Hinkle, and coworkers (eq. 1.8, vide supra).
Using this logarithmic scale as a guide, and based on previous results with aldehyde 
substrates, we expected to see maximum selectivity when allyltrimethylsilane was 
employed.23,24
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Figure 2.2. Nucleophile Panel, (N)
Catalytic quantities of bismuth bromide and excess nucleophile in acetonitrile at 
room temperature were combined with ketones 37a-37f and stirred under argon over 16h. 
Preliminary studies focused on use o f substrate 37a synthesized by the general procedure 
shown in Scheme 2.3.
Scheme 2.3.
1) Mg° a
2) PhCH2CHO Bn
(61%)
OH 
33
imidazole
TESOTf
(94%)
0 3. DMS|
CH2CI2
(80%)
Bn OTES
0  RMgBr
36a-f
PCC ,
c h 2ci2
(79%)
36a, R=Me, 99%y 36d, R=p-tolyl, 87%y
36b, R=Et, 98%y 36e, R=3,5-bis(trifluoromethyl) benzene, 69%y
36c, R=Pr, 91% 36f, R=(trifluoromethyl)benzene
37a-f
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Synthesis o f the substrate from this five step procedure afforded the flexibility of 
modifying substrates to broaden the scope of the investigation. Starting with 
commercially available 5-bromopentene and magnesium turnings, the resulting Grignard 
reagent was combined with phenylacetaldehyde to form alkene 33, which would later 
serve as the carbon backbone of the THP. The hydroxyl group o f 33 was subsequently 
converted to a triethylsilyl ether, 34. The majority of substrates prepared included a 
triethylsilane protecting group as it was stable enough to withstand future chemical 
manipulations, but small enough to ensure it would not interfere with cyclization. More 
robust silyl protecting groups such as TIPS and TBS were affixed using the same 
procedure and with comparable yields. The protected substrate was then oxidized to 
aldehyde 35, and converted to the corresponding ketones 37a-f by Grignard addition 
followed by PCC oxidation.
Synthesis of the CF3 substrate diverged from the sequence outlined above because 
CF3 cannot be added as a Grignard or Lithium reagent. Instead, alcohol 33 was protected 
with a TBS group prior to ozonolysis. The resulting aldehyde was then treated with 
Ruppert’s Reagent (CF3TMS) following the sequence outlined in Scheme 2.4. TBS was 
required in place of TES because it is more difficult to cleave than the smaller TES, and 
thus more stable to the conditions needed for CF3 incorporation. Additionally, TES is 
only slightly more robust than TMS, so the desired, selective trimethylsilyl deprotection 
of 38 would be challenging. Desilylation of the TMS protecting group with TFA 
uneventfully provided 39 and the resulting alcohol was oxidized to the desired 6- 
membered ring precursor, 40.
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Scheme 2.4.
imidazole
TBSOTf * 
(98%)
0 3, DMS
CH2CI2 ’ 
(80%)
C F,TM $
TBAF
OTMS
H20/TH F
Based on its ability to stabilize the oxocarbenium ion while providing the least 
steric hindrance, the methyl ketone was used to optimize reaction conditions then used in 
screening of the nucleophiles. Scheme 2.5 depicts the two possible reaction routes o f the 
nucleophiles that result in the cis/trans diastereomers o f interest. Axial attack of the 
depicted pseudo-chaiiv oxocarbenium intermediate proceeds directly through a chair 
transition state and results in the trans product in which the newly incorporated 
nucleophile is trans to the benzyl group at the 6-position. As outlined in Scheme 2.5, 
attack along path b occurs through the higher energy twist chair conformation and results 
in cis addition o f the nucleophile at the 2-position relative to the preexisting benzyl 
group.
Scheme 2.5.
H
B n ^ tr o V Nu
R
trans-2,2,6 chair
Nu-SiR3 
path a
H
Bn'
Nu-SiR3 
path b
H
Bn" R
Nu
c/s-2 ,2,6 chair
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Although a trend was expected, a marked decrease in selectivity was not observed 
as N values increased. Instead, similar selectivity was observed accompanied by 
decreases in product yield. This result suggests the approach of the diffusion controlled 
limit, an energetic threshold above which selectivity erodes. Under these conditions, 
nucleophiles are reactive enough to overcome energy barriers and access disfavored 
pathways. GC-MS and lH NMR spectroscopic analyses suggest that reaction manifolds 
other than the desired cyclization began to occur. For the most part, results shown in 
Table 2.2 indicate that a secondary pathway for product formation was accessed when 
nucleophiles with N values greater than 6.2 were employed. The relative stereochemistry 
of the major, cyclized products was confirmed by X-ray crystallographic analysis of 
product 42, which showed a trans relationship between the benzyl group and moiety 
derived from the nucleophile used (Figure 2.3).
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Table 2.2. Addition of Nucleophiles to Methyl Ketone 
O
Me
15% BiBr3 
TMS—Nu
0.1M MeCN jT\'nuB r T ' O ' ^ M e
41-47
( 1)
product yield(%)nucleophile product yield(%) nucleophile
TMS OTMS
45
OMe
OTMS
4742t-Bu OTMS
46
OMe
OTMS
OTMS8743
47OF* OEt
OTMSOTMS N/A44 OMePh
B n ^ O ^ C H 3
o
t-Bu
Figure 2.3. Crystal Structure Indicating trans Stereochemistry, Product 42
As shown in Scheme 2.6, the direct addition pathway occurred in competition 
with the projected oxocarbenium intermediate pathway. Accordingly, acyclic products 
were obtained as the major side product from the reaction. While the carbonyl carbon is
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only weakly electrophilic in the stable ketone, a highly reactive nucleophile such as 46 
will have enough affinity to attack the weak electrophile. Formation of substantial 
amounts of direct addition products suggests that pathway X is kinetically comparable to 
the more favored path for nucleophilic addition to the cyclic oxocarbenium intermediate. 
In short, direct addition competes with intramolecular cyclization when using highly- 
reactive nucleophiles which suggests that the reaction is at the diffusion-controlled limit 
in the presence of nucleophiles with N values greater than 6.2.
Scheme 2.6
46, R= Me
47, R= Et
Addition of nucleophile 26 consistently afforded low yielding reactions with high 
selectivity which prompted us to further investigate reaction o f this particular 
nucleophile. A substrate screen indicated that as the size of the R group o f the 
electrophile increased, there was a slight decrease in reaction yield (Table 2.3). This
30
trend indicates that steric interactions can influence the success of the reaction.
Table 2.3. Steric Effects on t-Butyl Enol Ether 
O
OTMS 15% BiBr3> 
t-Bu MeCN, rt, 16h Brr O
O
Bu
entry____________ R______________ catalyst________ product yield(%)
1 H BiBr3 48 60
2 Me " 42 47
3 Pr 49 38
As shown in Figure 2.4, the reaction most likely proceeds through an open 
transition state similar to that of the Mukaiyama aldol reaction.13 Both the tert-butyl and 
siloxy groups o f nucleophile 26 are large and are, therefore, accompanied by substantial 
steric interactions in the transition state. When oriented such that the tert-butyl group 
faces away from the oxocarbenium ion intermediate ring, interaction between the siloxy 
group and ring are maximized. Additionally, the /er/-butyl group is positioned such that 
it interacts with the R group o f the ring. Reorienting the enol ether to minimize 
interaction between the ring and siloxy group results in steric interaction between the 
tert-butyl group and ring. Thus, the addition o f enol ether 26 is hindered by steric 
interactions regardless of which face o f the enol ether approaches the oxocarbenium ion.
TESTES
Figure 2.4. Transition State of /-Bu enol ether attack
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While a general trend in selectivity was not observed, Woerpel and coworkers 
also found that selectivity remained fairly constant over a range o f nucleophiles (Table
2.1 vide supra). When strong nucleophiles were used, however, attack of both forms of 
the intermediate ion ensued from both faces as the reaction rate approached the diffusion 
controlled limit. Under these conditions, the extremely reactive nucleophile can 
overcome the energy barriers that influence the selectivity o f a reaction. As a result o f 
overcoming all energy barriers, a number of pathways are accessed which result in the 
formation of diastereomers as well as side products. Unsuccessful attempts at isolating 
these side products led us to believe that the side products are often of high enough 
energy that they are unstable and readily decompose thus contributing to erosion of 
product yield. GC-MS and NMR spectra o f crude material suggest that such products 
exist, but we have been unable to conclusively support the hypothesis.
2.1 Effects of Electrophile Strength
In an attempt to develop conditions under which the reaction rate would remain 
below the diffusion controlled limit as evidenced by selectivity, the effects of 
electrophilic strength were explored. Since the oxocarbenium intermediate is stabilized 
in the presence o f electron donating groups, alkyl and aromatic groups were screened and 
their effects on the tandem cyclization-addition reaction were studied. Electron 
withdrawing groups were also explored to more completely understand the reaction 
pathways involved in the selectivity o f the reaction. Because allyltrimethylsilane, 25,
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afforded the desired product in high yield and selectivity in preliminary studies of the 
effects o f nucleophile strength, various electrophiles were reacted with 
allyltrimethylsilane. As the results in Table 2.4 indicate, alkyl groups stabilize the 
oxocarbenium ion intermediate and result in conversion to the desired product with 
complete diastereocontrol (entries 1-3). In contrast, the />-tolyl ketone, 37d provided 
cyclized product in significantly lower yields, and substrates containing CF3 groups 
afforded complex reaction mixtures. Only in the case of substrate 37e was desired 
product potentially observed, but only in 30% isolated yield as an inseparable mixture o f 
compounds.
Table 2.4. Electrophile Screen
15%  B iB rTMS
MeCN, rt, 16h
Electrophile productR' yield(%)entry
SiEt3 41 99
SiEt3 50 98
SiEt3 51 97
SiEt3 52 40
SiEt3 N/A 0
SiEt3 N/A 0
SiMe2t-Bu N/A 0
1 37a
2 37b
3 37c
4 37d
5 37e
6 37f
7 40
Me
Et
Pr
CF3
33
The effects of the electron withdrawing nature o f the CF3 were observed in all 
three trifluoromethylated substrates studied. In the disubstituted aromatic ring, each CF3
33moiety in the meta position of the benzene ring has a Hammett o value of 0.43 
Substitution by two CF3 groups on the aromatic structure, as in 37e, results in significant 
positive character on the a carbon o f the ketone which destabilizes the oxocarbenium ion 
intermediate. The combination of the positive charge o f the oxygen atom and the partial 
positive charge of the a-carbon results in a high energy complex. A destabilized 
intermediate is expected to result in the formation of diastereomers even in the presence 
o f weak nucleophiles since the electrophile is more reactive and, therefore, less selective.
As anticipated, ketone 37e was completely consumed and crude analysis 
suggested the presence o f cyclized product. Similar to previous reactions with strong 
nucleophiles, only one diastereomer of the product was detected by GC-MS analysis. 
Analysis o f the crude product indicated that the reaction did not proceed cleanly. 
Accordingly, purification of the reaction was difficult and an exact structure was not 
definitively established. Thus, while complete consumption of 37e occurred, conversion 
to the desired cyclized product could not be confirmed. Furthermore, the side products 
formed appeared to be unstable and readily decomposed thereby preventing definitive 
analysis.
The effect of CF3 substitution at the para  position was also investigated. In the 
para  position, the CF3 substituent is a strong deactivator with a Hammett a  value of 
0.54.33 When compared to the bis-CF^ substituted ketone, 37e,para  substituted ketone 
37f would provide an oxocarbenioum ion that is slightly less destabilized and should
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afford similar results to those discussed above. Again, despite the high energy barrier, 
the starting ketone, 37f, was completely consumed when subjected to the 
cyclization/addition reaction under standard conditions. Surprisingly, however, no 
cyclized product was isolated from the product mixture. The reaction was only 
conducted once, so definitive conclusions cannot yet be drawn from the result. The lower 
energy oxocarbenium ion electrophile that would result from ketone 37f should afford the 
cyclized product if  only in modest yields.
Finally, the effects of a trifluoromethyl group at the a- carbon of the carbonyl 
was examined. Unlike the para  and meta substituted carbonyls, consumption of starting 
material was not observed. In an attempt to force conversion, the reaction was repeated 
with stoichiometric amounts o f BiBr3. As was observed when the reaction was 
conducted with catalytic amounts of bismuth, starting material was recovered without 
measurable conversion. These results suggest that presence of the trifluoromethyl group 
prevents formation of the necessary oxocarbenium intermediate, III. Recovery of 
starting material indicates that the energy barrier to the requisite cation is sufficiently 
high to prevent its formation.
The apparent unreactive nature of the trifluoromethyl substrate prompted 
investigation o f stronger Lewis acids. In the hopes that a stronger Lewis acid would help 
generate the oxocarbenium ion, stoichiometric amounts of boron trifluoride etherate were 
used in place o f BiBr3. Use o f the stronger Lewis acid resulted in complete consumption 
of the starting ketone, 40, but did not provide detectable amounts o f the desired product. 
To further understand the effects o f the stronger Lewis acid, BF3*OEt2 was combined
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with the substrate under the general cyclization/addition conditions in the absence of a 
nucleophile. Again, full consumption of 40 was observed and products similar to those 
observed when BF3«OEt2 was used in place o f BiBr3 in the allylation reaction were 
isolated. Formation of similar products suggests that the reaction might follow the 
proposed pathway up to the formation of the oxocarbenium ion intermediate.
Scheme 2.7.
decomposition
TBS V
IV
Instead of proceeding to the desired oxocarbenium ion, the trifluoromethyl moiety 
might promote an alternative pathway as shown in Scheme 2.7. Due the strongly electron 
withdrawing nature o f the CF3 group, secondary carbocation V is likely formed more 
rapidly than oxocarbenium III. Thus, the major product formed will proceed through the 
open secondary carbocation form rather than the cyclized intermediate. Because the CF3 
moiety resulted in decomposition o f starting material, future studies will focus on moving 
the CF3 group farther away from the reaction site of the substrate.
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2.3 Effects of Protecting Group
An alternative explanation for the lack o f trifluoromethyl substituted cyclized 
product was based on steric hindrance resulting from the large tert-butyl dimethylsilyl 
protecting group. As shown in Scheme 2.8, hindrance by the large group would explain 
the presence o f unreacted starting material since it might prevent attack o f the carbonyl 
by the silyloxy group in step 2. Furthermore, it is possible that step 2 occurs as outlined 
below and step 3, removal o f the TBS group, is prevented. TES protecting groups are 
more easily cleaved in deprotection reactions than the more robust TBS group.34 In the 
proposed mechanism of the cyclization, the protecting group is removed by anionic 
bromide that is present upon protonation by HBr. Scheme 2.8 disregards the electron 
withdrawing nature o f CF3 which, as discussed earlier, potentially prevents cyclization to 
the oxonium ion formed in step 2. The prospect of Br_ removing the TBS protecting 
group is further diminished if the oxonium intermediate is not formed. Thus the potential 
exists that Br~ is not a strong enough nucleophile to remove the robust protecting group.
Scheme 2.8.
TBS ©
Br
Since it was not possible to synthesize the CF3 substrate with a triethylsilyl 
protecting group as was done in all other substrates, an alternate version of the methyl
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substrate was synthesized with a triisopropylsilyl (TIPS) protecting group, 53. If the 
nature o f the protecting group were responsible for preventing cyclization, allylation of 
the methyl substrate would not be observed. TIPS and TBS are comparable in size and 
reactivity, with TIPS being the slightly more robust o f the two. Accordingly, if 
successful allylation is observed when a TIPS protected substrate is employed, then a 
TBS protected alcohol should also react.
0.1M MeCN 
(40%)Bn OTIPS
Using BiBr3 as the activator, the modified methyl substrate was subjected under 
the original reaction conditions and resulted in successful allylation o f the substrate with 
modest selectivity and yield. Full consumption of 53 was observed and the reaction 
appeared to proceed cleanly as no other products were detected by 'H NMR, GC-MS, or 
TLC; yet only 40% of the expected yield was obtained. This suggests that numerous 
other products were formed in trace amounts. Nonetheless, the formation of product 41 
with a TIPS protecting group confirms that reaction o f the trifluoromethyl substrate is 
hindered by the strong deactivating power o f the CF3 moiety, not inhibition of step 2 
shown in Figure 2.7.
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Conclusion
We have completed primary studies on the correlation between nucleophile 
strength and diasterioselectivity in tandem cyclization/addition reactions resulting in 
/ra^5-2 ,2 ,6-trisubstituted tetrahydropyrans. Our results indicate that as nucleophile 
strength increases, cyclization occurs less exclusively as alternate reaction pathways are 
accessed. Although a consistent trend between nucleophile strength and reaction 
diastereoselectivity was not observed, use o f strong nucleophiles resulted in the reaction 
occurring at the diffusion controlled limit. Under these conditions, the reaction afforded 
only modest yields of the desired product. When nucleophiles with N values greater than
6.2 were employed in the reaction, side products were observed and the reaction afforded 
modest amounts o f desired product. The direct addition product was observed in 
substantial quantities when strong nucleophiles were employed.
Additionally, we attempted to determine the influence of the substituent at the 2- 
position on the selectivity of the reaction. Both steric and electronic effects contributed 
to the stability o f the oxocarbenium ion intermediate. Substitution by electron donating 
species such as alkyl groups stabilized the intermediate oxocarbenium ion thus promoting 
reactions via the SnI mechanism. In contrast, electron withdrawing groups demonstrated 
destabilizing effects. The destabilized intermediate suffered from erosion o f selectivity 
or, in extreme cases, prevented reaction o f the substrate.
It is our hope that the results obtained from the studies outlined above will serve 
as the basis for further exploration o f the effects of nucleophile and electrophile strength 
on the selectivity o f the two component reductive etherification reaction. Future studies
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will further explore the effects of trifluoromethyl moieties on the selectivity o f the 
reaction. Studies will investigate the destabilizing effects of the CF3 group with respect 
to its position on the THP ring. Furthermore, we will explore the application of these 
results to construction of seven membered rings.
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EXPERIMENTAL
General Information: All reactions were carried out under argon at room temperature in 
oven dried glassware with magnetic stirring unless otherwise stated. Starting materials 
obtained from commercial sources were used without further purification. Methylene 
chloride and acetonitrile were distilled from calcium hydride. Flash column 
chromatography was performed using SiliCycle siliaflash 40-63 pm silica gel (230x400 
mesh). Analytical thin layer chromatography was performed on Sorbent Technologies 
60A glass plates. Visualization was accomplished with UV light,/7-anisaldehyde, or 
potassium permanganate followed by heating. Infrared spectra were recorded using a 
Digilab FTS 7000 FTIR spectrophotometer. Single crystal determinations were carried 
out using a Bruker SMART Apex //diffractom eter using graphite-monochromated Cu Ka 
radiation. *H NMR spectra recorded on a Varian Mercury 400 (400 MHz) spectrometer 
are reported in ppm using solvent as an internal standard (CDCI3 at 7.26 ppm) or
1 3tetramethylsilane (0.00 ppm). Proton-decoupled C-NMR spectra were recorded on a 
Mercury 400 (100 MHz) spectrometer and are reported in ppm using solvent as an 
internal standard (CDCI3 at 77.23 ppm). Gas chromatographic analysis was performed 
using an Agilent Technologies 5973 network mass selective detector GC system. High 
Resolution Mass Spectrometry analysis was completed through the Old Dominion 
University Cosmic Service Center using positive electrospray ionization on a Bruker 12 
Tesla APEX -Qe FTICR-MS with and Apollo II ion source.
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3.1 Nucleophile Synthesis
Nucleophiles 25,26, and 32 are commercially available and were obtained from Sigma 
Aldrich. Nucleophile 36 was obtained from GFS Chemicals. Nucleophiles 27 ,29 ,30 , 
and 31 were synthesized using known procedure as described below .35,36
OTMS
Chemical Formula: Ci2H-i5F30Si 
Molecular Weight: 260.33
trimethyl((l-(4-(trifluoromethyl)phenyl)vinyl)oxy)silane (27): To a solution o f l-(4- 
(trifluoromethyl)phenyl)ethanone (1.0 g, 5.31 mmol, 1.0 equiv) in 10.6 mL of diethyl 
ether cooled to 0°C, triethylamine (0.82 mL, 5.85 mmol, 1.1 equiv) was added followed 
by drop wise addition of trimethylsilyl trifluoromethanesulfonate. The reaction stirred at 
0°C for an additional 15min then warmed to room temperature and stirred for two hours 
then extracted with diethyl ether and the organic layer concentrated. Resulting oil was 
purified by vacuum distillation using a Kugelrohr apparatus.
OTMS
Chemical Formula: C12H180 2Si 
Molecular Weight: 222.36
((l-(4-methoxyphenyl)vinyl)oxy)trimethylsilane (29): Freshly distilled diisopropyl 
amine (2.25 mL, 15.98 mmol, 1.2 equiv) was dissolved in 13.77 mL of THF and cooled
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in an ice bath. 2.5M «-butyl lithium (5.86 mL, 14.65 mmol, 1.1 equiv) was added drop 
wise and the reaction stirred for 20 min before being cooled to -78°C. A mixture of 
chlorotrimethylsilane (2.04 mL, 15.98 mmol, 1.2 equiv) and 1 -(4-methoxyphenyl) 
ethanone (2.0 g, 13.32 mmol, 1.0 equiv) in 23 mL of THF was added and the reaction 
stirred for three at room temperature. The solution was concentrated, taken up in pentane, 
filtered, and concentrated. The resulting oil was purified by vacuum distillation. 86% 
yield, colorless oil.
OTMS
^ ^ O M e
Chemical Formula: C6H140 2Si 
Molecular Weight: 146.26
((l-methoxyvinyl)oxy)trimethylsilane (30): Freshly distilled diisopropyl amine (10.1 
mL, 72 mmol, 1.2 equiv) was dissolved in 150 mL of THF and cooled in an ice bath.
1.6M fl-butyl lithium (41.2 mL, 66 mmol, 1.1 equiv) was added drop wise and the 
reaction stirred for 15 min before being cooled to -78°C. A mixture of 
chlorotrimethylsilane (9.2 mL, 72 mmol, 1.2 equiv) and methyl acetate (4.8 mL, 60 
mmol, 1.0 equiv) in 53.2 mL of THF was added and the reaction stirred for three at room 
temperature. The solution was concentrated, taken up in pentane, filtered, and 
concentrated. The resulting oil was purified by vacuum distillation.
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OTMS
^ ^ O E t
Chemical Formula: C7H160 2Si 
Molecular Weight: 160.29
((l-ethoxyvinyl)oxy)trimethylsilane (31): Freshly distilled diisopropyl amine (10.8 mL,
76.8 mmol, 1.2 equiv) was dissolved in 66.2 mL of THF and cooled in an ice bath. 1.6M 
n-butyl lithium (45.2 mL, 70.4 mmol, 1.1 equiv) was added drop wise and the reaction 
stirred for 15 min before being cooled to -78°C. A mixture o f chlorotrimethylsilane (9.8 
mL, 76.8 mmol, 1.2 equiv) and ethyl acetate (6.3 mL, 64 mmol, 1.0 equiv) in 106 mL of 
THF was added and the reaction stirred for three hours at room temperature. The solution 
was concentrated, taken up in pentane, filtered, and concentrated. The resulting oil was 
purified by vacuum distillation.
3.2 Substrate Synthesis
O
Me
Bn
Chemical Formula: C19H3202Si 
Molecular Weight: 320.54
7-phenyl-6-((triethylsilyl)oxy)heptan-2-one (37a): To a flask containing 3M methyl 
magnesium bromide (3.26 mL, 9.79 mmol, 1.5 equiv) at 0°C, aldehyde 35 (2.0 g, 6.52 
mmol, 1.0 equiv) dissolved in 15 mL of THF was added slowly via addition funnel. The 
reaction was monitored by TLC and quenched with N H 4 CI when complete then 
partitioned and extracted three times with 1:1 Hexanes: Ethyl Acetate solution. The
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organic layers were combined, dried over MgSCL, filtered, and concentrated. The 
resulting residue was purified by column chromatography and eluted with 8:2 hexanes: 
ethyl acetate. 99% yield, colorless oil. Alcohol 36a (2.1 g, 6.51 mmol, 1.0 equiv) in 50 
mL of CH2CI2 was added to a flask containing sodium acetate (2.31 g) and pyridinium 
chlorochromate (2.31 g, 9.77 mmol, 1.5 equiv). The mixture stirred for 16 hours at room 
temperature then was passed through a plug of silica gel and eluted with CH2CI2. The 
eluent was concentrated and the resulting oil purified by column chromatography and 
eluted with 9:1 hexanes: ethyl acetate. 79% yield, colorless oil. Spectral data agrees with 
published characterization.
Substrates 37b-d were synthesized using similar procedures described for ketone 37a 
from corresponding Grignard reagents. Substrates 37e and 37f were synthesized using
0-7
procedures similar to 37a from corresponding organo lithium reagents.
O
Bn
Si—et
Et
Chemical Formula: C2oH3402Si 
Molecular Weight: 334.57
8-phenyl-7-((triethylsilyl)oxy)octan-3-one (37b): IR (neat) 3064 (m), 3030 (m), 2963 
(m), 2880 (m), 1716 (m), 1605 (m), 1496 (m), 1415 (m), 1377 (m), 1240 (m), 1095 (m),
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1051 (m), 1006 (m), 727 cm ' 1 (m); *H (400 MHz, CDC13) 6 7.27-7.23 (m, 2H), 7.19-7.14 
(m, 3H), 3.84 (quin, J= 6.3 Hz, 1H), 2.72 (ABX, J= 13.3, 6 . 5 Hz, 2H), 2.36 (dt, J= 12.1,
7.4 Hz, 4H), 1.78-1.51 (m, 3H), 1.42-1.3 (m, 3H), 1.02 (t, J= 7.4, 3H), 0.88 (t, J= 8.0 Hz, 
9H), 0.49 (qd, J= 7.6, 1.6 Hz, 6H); 13C (100 MHz, CDC13) 5 211.68 (e), 139.32 (e),
129.83 (o), 128.37 (o), 126.29 (o), 73.71 (o), 44.25 (e), 42.71 (e), 36.59 (e), 36.01 (e), 
20.05 (e), 8.03 (o), 7.10 (o), 5.17 (e); HMRS (El, M++Na) calcd for C2oH3402Si 
357.2220, found 357.2215.
O
Bn
Chemical Formula: C21H3602Si 
Molecular Weight: 348.59
9-phenyl-8-((triethylsilyl)oxy)nonan-4-one (37c): IR (neat) 3028 (m), 2955 (m), 2876 
(m), 1733 (m), 1715 (m), 1604 (m), 1496 (m), 1455 (m), 1413 (m), 1379 (m), 1178 (m), 
1077 (m), 1016 (m), 973 cm ' 1 (m); lH (400 MHz NMR, CDC13) 5 7.28-7.24 (m, 2H), 
7.20-7.15 (m, 3H), 3.85 (quint, J= 6.1 Hz, 1H), 2.73 (ABX, J= 13.3, 6.4 Hz, 2H), 2.34 
(dt, J= 7.4, 5.5 Hz, 4H), 1.89-1.64 (m, 2H), 1.62-53 (m, 2H) 1.42-1.35 (m, 2H), 0.90 (dt, 
J= 7.4, 5.1 Hz, 12H), 0.50 (dq, J= 7.8, 2.2 Hz, 6H); 13C (100 MHz NMR, CDC13) 6 
211.39 (e), 139.29 (e), 129.84 (o), 128.37 (o), 126.29 (o), 73.71 (o), 44.86 (e), 44.25 (e), 
43.11 (e), 36.56 (e), 19.99 (e), 17.49 (e), 13.98 (o), 7.14 (o), 5.12 (e); HRMS (El, 
M++Na) calcd for C2iH360 2Si 371.2377, found 371.2370.
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Bn
Chemical Formula: C25H360 2Si 
Molecular Weight: 396.64 
6-phenyl-l-(p-tolyl)-5-((triethylsilyl)oxy)hexan-l-one (37d): IR (neat) 3061 (m), 3028
(m), 2956 (m), 2880 (m), 1944 (m), 1803 (m), 1682 (m), 1608 (m), 1575 (m), 1493 (m),
1456 (m), 1411 (m), 1363 (m), 1325 (m), 1091 (m), 1009 cm ' 1 (m); lR  (400 MHz NMR,
CDCI3) 8 7.84 (d, J= 8.21 Hz, 2H), 7.28-7.16 (m, 7H), 3.90 (quint, J= 5.87 Hz, 1H), 2.91
(t, J= 7.42 Hz, 2H), 2.76 (d, J= 6.64 Hz, 2H), 2.41 (s, 3H), 1.93-1.70 (m, 2H), 1.57-1.43
(m, 2H), 0.89 (t, J= 8.01 Hz, 9H), 0.49 (dq, J= 7.82, 2.15 Hz, 6H); 13C (100 MHz NMR,
CDCI3) 5 200.04 (e), 143.72 (e), 139.38 (e), 134.91 (e), 129.84 (o), 129.40 (o), 128.36
(o), 128.33 (o), 126.23 (oj, 73.78 (o), 44.21 (e), 38.89 (e), 36.75 (e), 21.74 (o), 20.56 (e),
7.07 (0), 5.21 (e); HRMS (El, M++Na) calcd for C zs^ C ^ S i 419.2377, found 419.2372.
O
CF.
Bn
CF
Chemical Formula: C26H32F60 2Si 
Molecular Weight: 518.61
l-(3,5-bis(trifluoromethyl)phenyl)-6-phenyl-5-((triethylsilyl)oxy)hexan-l-one (37e):
To a solution o f 2.5M n-Butyl lithium (1.44mL, 3.59mmol, 2.2 equiv) in 16mL of diethyl 
ether, l-iodo-3,5-bis(trifluoromethyl) benzene (0.636mL, 3.59mmol, 2.2 equiv) was
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added. The solution stirred at ‘60- '40°C for two hours. Aldehyde 35 (0.500 g, 1.63 
mmol, 1.0 equiv) dissolved in 30 mL of diethyl ether was added slowly to the flask and 
the solution stirred for an additional 2.5 hours at room temperature. The reaction was 
quenched with NH4CI then extracted three times with ethyl acetate. Organic layers were 
combined, dried over MgS04 , filtered, and concentrated. Resulting residue was purified 
by column chromatography and eluted with 9:1 hexanes: ethyl acetate. 69% yield, 
yellow oil. Alcohol 36e (0.59 g, 1.13 mmol, 1.0 equiv) in 8.7 mL of CH2CI2 was added 
to a flask containing sodium acetate (0.37 g) and pyridinium chlorochromate (0.37 g,
1.70 mmol, 1.5 equiv). The mixture stirred for 16 hours at room temperature then was 
passed through a plug of silica gel and eluted with CH2CI2. The eluent was concentrated 
and the resulting oil purified by column chromatography and eluted with 9:1 hexanes: 
ethyl acetate. 75% yield, yellow oil. IR (neat) 3086 (m), 3066 (m), 3029 (m), 2961 (m), 
2881 (m), 1703 (m), 1616 (m), 1495 (m), 1459 (m), 1413 (m), 1381 (m), 1285 (m), 1184 
(m), 1012 (m), 907 cm ' 1 (m); ‘H (400 MHz NMR, CDCI3) 8 8.36 (s, 2H), 8.06 (s, 1H), 
7.29-7.25 (m, 2H), 7.21-7.16 (m, 3H), 3.93 (quint, J= 6.3 Hz, 1H), 3.07-2.96 (ABX, J= 
13.7, 6.6 Hz, 1H), 2.84-2.71 (ABX, J= 13.3, 6 . 5 Hz, 1H), 1.99-1.88 (m, 1H), 1.85-1.74 
(m, 1H), 1.60-1.43 (m, 2H), 0.91 (t, J= 7.8 Hz, 9H), 0.53 (q, J= 7.6 Hz, 6 H); 13C (100 
MHz NMR, CDCI3) 6 197.31 (e), 139.15 (e), 138.79 (e), 129.80 (o), 128.47 (o), 128.25 
(o), 126.41 (o), 73.71 (o), 44.29 (e), 39.20 (e), 36.21 (e), 20.02 (e), 7.08 (o), 5.26 (e); 
HRMS (El, M++Na) calcd for C26H32F60 2Si 541.1968, found 541.1960.
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CF.Bn
Chemical Formula: C25H33F302Si 
Molecular Weight: 450.61
6-phenyl-5-((triethylsilyl)oxy)-l-(4-(trifluoromethyl)phenyl)hexan-l-one (37f): IR
(neat) 3030 (m), 2957 (m), 2879 (m), 1963 (m), 1454 (m), 1410 (m), 1325 (m), 1238 (m), 
1169 (m), 1131 cm '1(m); *H (400 MHz NMR, CDC13) 6 8.03 (d, J= 7.8 Hz, 2H), 7.72 (d, 
J= 8.6 Hz, 2H), 7.29-7.25 (m, 2H), 7.21-7.16 (m, 3H), 3.90 (quint, J= 6.3 Hz, 1H), 2.95 
(t, J= 7.6 Hz, 2H), 2.82-2.71 (ABX, J= 13.3, 6 . 5 Hz, 2H), 1.94-1.71 (m, 2H), 1.56-1.42 
(m, 2H), 0.90 (t, J= 7.8 Hz, 9H), 0.50 (q, J= 7.8 Hz, 6H); I3C (100 MHz NMR, CDC13) 6
139.25 (e), 129.84 (o), 128.57 (o), 128.42 (o), 126.36 (o), 125.89 (o), 73.71 (o), 44.29 (e), 
39.32 (e), 36.49 (e), 20.26 (e), 7.10 (o), 5.23 (e); HRMS (El, M++Na) calcd for 
C25H33F30 2Si 473.2094, found 473.2086.
O
r ^ - ^ c F s
Bn^OTBS
Chemical Formula: C19H29F302Si 
Molecular Weight: 374.51
6-((tert-butyldimethylsilyl)oxy)-l,l5l-t*’ifluoro-7-phenylheptan-2-one (40): To a flask 
containing aldehyde 35 (0.577 g, 1.88 mmol, 1.0 equiv) in 17.4 mL of THF and cooled to 
0°C, CF3TMS was added followed by 1M tetra-«-butylammonium fluoride (0.03 mL, 
0.188 mmol, 0.10 equiv). The reaction stirred for 1 hour then quenched with N H 4 CI and
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extracted with ethyl acetate. Organic layers were combined, dried over MgS04 , filtered 
and concentrated. Resulting oil was dissolved in a THF/H2O (7 mL/0.70 mL) solution 
and trifluoroacetic acid added. The reaction stirred for 2.5 hours at 0°C then was 
quenched with NaHC03 and extracted with ethyl acetate. Organic layers were combined, 
dried over MgS04 , filtered, and concentrated. Resulting oil was purified by column 
chromatography. Intermediate product was dissolved in 14 mL of CH2CI2 and added to a 
flask containing sodium acetate (0.61 g) and pyridinium chlorochromate (0.61 g, 2.82 
mmol, 1.5 equiv). The mixture stirred for 12 hours then was filtered through a plug of 
silica gel and eluted with CH2CI2. Resulting oil was purified by column chromatography 
and eluted with 9:1 hexanes: ethyl acetate. 60% yield, colorless oil. IR (neat) 3031 (m), 
2958 (m), 2935 (m), 2862 (m), 1605 (m), 1495 (m), 1464 (m), 1362 (m), 1280 (m), 1258 
(m), 1169 (m), 1130 (m), 1096 (m), 1006 cm ' 1 (m), 'H  (400 MHz NMR, CDC13) 8 7.26- 
7.22 (m, 2H), 7.18-7.12 (m, 3H), 3.83 (quint, J= 6.1 Hz, 1H), 2.77-2.64 (m, 2H), 2.04 (dt, 
J= 11.5, 5.7 Hz, 1H), 1.70-1.40 (m, 5H), 0.83 (d, J= 2.0 Hz, 9H), -0.17 (s, 3H), -0.19 (s, 
3H); l3C (lOOMHzNMR, CDC13) 8 208.43 (e), 139.24 (e), 129.86 (o), 128.39 (o), 126.33 
(o), 73.68 (o), 44.26 (e), 36.46 (e), 29.93 (e), 26.07 (o), 20.84 (e); HRMS (El, M++Na) 
calcd for C i^ F s C ^ S i  397.1781, found 397.1782.
3.3 Nucleophilic Addition
General Procedure for Nucleophilic Addition to Ketones 37a-f: To a flask flushed 
with argon; BiBr3 (0.15 equiv) and ketone (1.0 equiv) in MeCN (0.10M) were added
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followed by nucleophile (2.2 equiv). The solution stirred under argon for 16 hours. The 
reaction was quenched with 0.1 mL o f 2,6-lutidene then concentrated and filtered through 
a silica plug using CH2CI2. The eluted product was then concentrated and purified by 
column chromatography.
J L  A  XB n^ O ''T / / / ^t-BuMe
Chemical Formula: C19H2802 
Molecular Weight: 288.42
l-((2R*,6R*)-6-benzyl-2-methyltetrahydro-2H-pyran-2-yl)-3,3-dimethylbutan-2- 
onev(42): IR (CDC13) 3029 (m), 2939 (m), 2932 (m), 2868 (m), 2860 (m), 1708 (m), 
1604 (m), 1495 (m), 1477 (m), 1453 (m), 1369 (m), 1334 (m), 1282 (m), 1055 (m), 1038 
(m), 980 cm’1 (m); ‘H NMR (400 MHz, CDCI3) 8 7.30-7.21 (m, 5H), 3.69 (ddt, J=23.8, 
10.9, 5.5 Hz, 1H), 2.99 (d, J= 16.8 Hz, 1H), 2.90 (dd, J= 13.3, 5.5 Hz, 1H), 2.67 (d, J=
16.8 Hz, 1H), 2.58 (dd, J= 12.9, 8.0 Hz, 1H), 1.63-1.30 (m, 6H), 1.25 (s, 3H), 1.33 (s, 
9H); 13C NMR (100 MHz, CDC13) 8 214.50 (e), 138.96 (e), 129.74 (o), 128.33 (o),
126.26 (o), 73.97 (e), 71.90 (o), 43.84 (e), 40.08 (e), 34.16 (e), 30.70 (e), 29.11 (o), 26.56 
(o), 19.83 (e); HRMS (El, M++Na) calcd for C 19H28O2 311.1982, found 311.1977.
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CF
Chemical Formula: C22H23F3O2 
Molecular Weight: 376.41
2-((2R*,6R*)-6-benzyl-2-methyltetrahydro-2H-pyran-2-yl)-l-(4- 
(trifluoromethyl)phenyl)ethanone (43): IR (neat) 3082 (m), 3065 (m), 3027 (m), 2973 
(m), 2936 (m), 2867 (m), 1682 (m), 1582 (m), 1510 (m), 1495 (m), 1323 cm ' 1 (m); lH 
NMR (400 MHz, CDC13) 5 7.99 (d, J= 8.2 Hz, 2H), 7.72 (d, J= 8.2 Hz, 2H), 7.29-7.22 
(m, 3H), 7.13 (d, J= 7.4 Hz, 2H), 3.77 (m, 1H), 3.41 (d, J= 13.9 Hz, 1H), 3.16 (d, J=13.7 
Hz, 1H), 2.80 (ABX, J= 13.5, 5.5 Hz, 1H), 2.56 (ABX, J= 13.1, 7.6 Hz, 1H), 1.68-1.56 
(m, 4H), 1.45-1.37 (td, J= 13.1,4.1 Hz, 1H), 1.28 (s, 3H), 1.21-1.14 (td, J= 11.7,3.7 Hz, 
1H); 13C NMR (100 MHz, CDC13) 5 199.00 (e), 158.71 (e), 141.58 (e), 138.74 (e), 129.73 
(o), 128.69 (o), 128.34 (o), 126.30 (o), 125.85 (o), 125.81 (o), 74.26 (e), 72.31 (o), 43.64 
(e), 42.58 (e), 35.64 (e), 30.45 (e), 29.79 (o), 19.78 (e); HRMS (El, M++Na) calcd for 
C 2 2 H 2 3 F 3 O 2  399.1542, found 399.1536.
Bn^
Me
Chemical Formula: C2i H24O2 
Molecular Weight: 308.41
2-((2R*,6R*)-6-benzyl-2-methyltetrahydro-2H-pyran-2-yl)-l-phenylethanone (44):
IR (neat) 3065 (m), 3030 (m), 2974 (m), 2936 (m), 2869 (m), 1673 (m), 1598 (m), 1495 
(m), 1449 (m), 1233 (m), 1110 (m), 1041 (m), 980 cm ' 1 (m); 'H  NMR (400 MHz, CDC13)
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8 7.93 (d, J= 7.4 Hz, 2H), 7.56 (t, J= 7.4 Hz, 1H), 7.46 (dd, J= 15.3, 7.6 Hz, 2H), 7. 23 
(m, 5H), 3.84-3.78 (m, 1H), 3.27 (ABX, J= 46.7, 13.9 Hz, 2H), 2.84 (dd, J= 13.3, 5.5 Hz, 
1H), 2.55 (dd, J= 13.3, 7.8 Hz, 1H), 1.68-1.34 (m, 6H), 1.28 (s, 3H); 13C N M R (100 
MHz, CDCb) 8 199.88 (e), 138.87 (e), 132.99 (o), 129.76 (o), 128.75 (o), 128.42 (o), 
128.36 (o), 126.25 (o), 74.31 (e), 72.18 (o), 43.67 (e), 42.18 (e), 35.08 (e), 30.46 (e),
29.81 (o), 19.83 (e); HRMS (El, M++Na) calcd for C21H24O2 331.1669, found 331.1664.
Bn'
Me
OMe
Chemical Formula: C22H2603 
Molecular Weight: 338.44
2-((2R*,6R*)-6-benzyI-2-methyltetrahydro-2H-pyran-2-yI)-l-(4- 
methoxyphenyl)ethanone (45): IR (neat) 3313 (m), 3060 (m), 3025 (m), 2968 (m), 2929 
(m), 2863 (m), 1598 (m), 1573 (m), 1509 (m), 1259 (m), 1170 (m), 980 (m), 701 cm ' 1 (m) 
!H NMR (400 MHz, CDC13) 6 7.92 (ddd, J= 9.8, 5.1, 3.1 Hz, 2H), 7.30-7.17 (m, 5H),
6.92 (ddd, J= 9.8, 4.69, 2.7, Hz, 2H), 3.87 (s, 3H), 3.86-3.76 (m, 1H), 3.22 (q, J= 15.6 Hz, 
2H), 2.87 (ABX, J= 13.6, 5.5 Hz, 1H), 2.57 (ABX, J= 13.4, 7.8 Hz, 1H), 1.67-1.53 (m, 
4H), 1.36 (ddd, J= 18.0, 13.3, 5.5 Hz, 1H), 1.27 (s, 3H), 1.19-1.09 (m, 1H); 13C NMR 
(100 MHz, CDC13) 5 198.29 (e), 163.58 (e), 138.98 (e), 131. 87 (e), 130.83 (o), 129.78 
(o), 128.33 (o), 126.25 (o), 113.89 (o), 74.36 (e), 72.15 (o), 55.67 (o), 43.74 (e), 41.86 
(e), 35.06 (e), 30.54 (e), 29.84 (o), 19.85 (e); HRMS (El, M++Na) calcd for C22H26O3 
361.1774, found 361.1768.
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Chemical Formula: C16H2203 
Molecular Weight: 262.34
methyl 2-((2R*,6R*)-6-benzyl-2-methyltetrahydro-2H-pyran-2-yl)acetate (46): IR
(neat) 3085 (m), 3064 (m), 3029 (m), 2977 (m), 2867 (m), 1744 (m), 1604 (m), 1496 (m), 
1452 (m), 1479 (m), 1317 (m), 1091 (m), 1014 (m), 985 (m), 841 cm '1(m); 'H NMR (400 
MHz, CDCI3) 8 7.39-7.24 (m, 5H), 3.88 (m, 1H), 3.63 (s, 3H), 2.93 (ABX, J= 13.3, 5.9 
Hz, 1H), 2.88 (d, J= 13.3 Hz, 1H), 2.66 (ABX, J= 13.5, 6.8 Hz, 1H), 2.54 (d, J= 12.9 Hz, 
1H), 1.77-1.6 (m, 6H), 1.44 (s, 3H); 13C NM R(100 MHz, CDCI3) 5 171.70 (e), 138.17 
(e), 129.81 (o), 128.29(o), 126.19 (o), 73.19 (e), 72.15 (o), 51.47 (o), 43.77 (e), 39.83 (e), 
35.44 (e), 30.66 (e), 29.43 (o), 19.86 (e); HRMS (El, M++Na) calcd for C 16H22O3 
285.1461, found 285.1459.
n x
B n ^ O A , / / T)Et
Me
Chemical Formula: C-17H24O3 
Molecular Weight: 276.37
ethyl 2-((2R*,6R*)-6-benzyl-2-methyltetrahydro-2H-pyran-2-yl)acetate (47): IR
(neat) 3061 (m), 3026 (m), 2978 (m), 2938 (m), 2870 (m), 1733 (m), 1603 (m), 1496 (m), 
1450 (m), 1368 (m), 1310 (m), 1229 (m), 1165 (m), 1090 (m), 841 cm ' 1 (m); ‘H N M R 
(400 MHz, CDCI3) 8 7.32 (m, 5H), 4.17-4.04 (m, 1H), 3.90 (m, 1H), 2.92 (ABX J= 13.3, 
5.5 Hz, 1H), 2.81 (d, J= 12.9 Hz, 1H), 2.61 (ABX, J= 13.3, 7.4 Hz, 1H), 2.51 (d, J= 12.9
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Hz, 1H), 1.72-1.46 (m, 6H), 1.41 (s, 3H), 1.29 (t, J= 7.0 Hz, 4H); 13C NMR (100 MHz, 
CDC13) 6 171.15 (e), 138.97 (e), 129.92 (o), 129.76 (o), 128.29 (o), 126.20 (o), 73.25 (e), 
72.04 (o), 60.39 (e), 43.66 (e), 39.98 (e), 35.36 (e), 30.42 (e), 29.39 (e), 19.75 (e), 14.48 
(o); HRMS (El, M++Na) calcd for C17H24O3 299.1618, found 299.1614.
OAAhBn O t-Bu
Chemical Formula: C18H2602 
Molecular Weight: 274.40
l-((2R*,6R*)-6-benzyltetrahydro-2H-pyran-2-yl)-3,3-dimethylbutan-2-one (48): IR
(neat): 3027 (m), 2935 (m), 2866 (m), 2361 (w), 1704 (m), 1495 (m), 1477 (m), 1364 
(m), 1289 (m), 1189 (m), 1089 cm ' 1 (m); ‘H (400 MHz NMR, CDC13) 8 7.31-7.23 (m, 
2H), 7.22-7.19 (m, 3H), 4.39 (ddt, J= 10.2, 7.0, 3.52 Hz, 1H), 3.95 (m, 1H), 3.01 (ABX, 
J= 13.5, 6.8 Hz, 1H), 2.85-2.81 (ddd, J= 16.8, 10.2, 6.3 Hz, 2H), 2.55 (ABX, J= 16.8, 6.6 
Hz, 1H), 1.81-1.58 (m, 4H), 1.46-11.27 (m, 2H), 1.11 (s, 9H); l3C (100 MHz NMR, 
CDCI3) 8 213.72 (e), 139.47 (e), 129.50 (o), 128.45 (o), 126.18 (o), 73.77 (o), 67.7 (o),
41.40 (e), 39.57 (e), 30.47 (e), 28.79 (e), 26.73 (o), 18.68 (e); HRMS (El, M++Na) calcd 
for C i8H2602 297.1825, found 297.1821.
Chemical Formula: C21H32O2 
Molecular Weight: 316.48
l-((2R*,6R*)-6-benzyl-2-propyltetrahydro-2H-pyran-2-yl)-3,3-dimethylbutan-2-one
(49): IR (neat) 3086 (m), 3063 (m), 3028 (m), 2957 (m), 2939 (m), 2875 (m), 1943 (m), 
1715 (m), 1604 (m), 1496 (m), 1455 (m), 1411 (m), 1371 (m), 1250 (m), 1087 cm ' 1 (m); 
'H  NMR (400 MHz, CDC13) 8 7.32-7.28 (m, 2H), 7.24-7.17 (m, 3H), 3.83 (ddt, J= 8 .6, 
7.0, 1.6 Hz, 1H), 2.73 (ABX, J= 13.3, 5.5 Hz, 2H), 2.42-2.36 (dt, J= 14.9, 7.4 Hz, 4H),
1.82-1.37 (m, 8H)| 0.93 (t, J= 7.4 Hz, 3H), -0.03 (s, 9H); l3C (lOOMHzNMR, CDC13)8  
211.32 (e), 138.71 (e), 129.92 (o), 128.79 (o), 126.70 (o), 74.04 (o), 44.98 (e), 44.91 (e), 
44.51 (e), 44.32 (e), 43.03 (e), 36.97 (e), 36.50 (e), 20.37 (e), 20.09 (e), 17.53 (e), 13.96 
(o), 2.14 (o); HRMS (El, M++Na) calcd for C21H32O2 339.2295, found 339.2295.
Chemical Formula: C-17H24O 
Molecular Weight: 244.37
(2R*,6R*)-2-allyI-6-benzyl-2-ethyltetrahydro-2H-pyran (50): IR (neat) 3027 (m), 
2942 (m), 2866 (m), 1639 (m), 1496 (m), 1200 (m), 1045 (m), 996 (m), 911 cm ' 1 (m); ‘H 
NMR (400MHz, CDC13) 8 7.30-7.26 (m, 2H), 7.22-7.18 (m, 3H), 5.69-5.59 (m, 1H), 
5.05-4.99 (m, 2H), 3.74 (ddt, J= 12.9, 6.3, 2.0 Hz, 1H), 2.84 (ABX, J= 13.0, 6.1 Hz, 1H), 
2.56 (ABX, J= 13.9, 6.5 Hz, 2H), 2.16 (ABX, J= 14.5, 8.2 Hz, 1H), 1.64- 1.43 (m, 6H), 
1.37-1.29 (m, 1H), 1.15-1.11 (m, 1H), 0.87 (t, J= 7.6 Hz, 3H); 13C NMR (100MHz,
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CDC13) 8 139.38 (e), 134.64 (o), 129.80, 128.20 (o), 128.10 (e), 75.57 (e), 71.19 (o), 
43.78 (e), 35.46 (e), 33.42 (e), 32.05 (e), 31.06 (e), 19.61 (e), 7.59 (o); HRMS (El, 
M++Na) calcd for C i7H240  267.1719, found 267.1717.
Pr
Chemical Formula: C18H260 
Molecular Weight: 258.40
(2R*,6R*)-2-aIIyl-6-benzyI-2-propyItetrahydro-2H-pyran (51): IR (neat) 3075 (m), 
3028 (m), 2957 (m), 2936 (m), 2871 (m), 1639 (m), 1605 (m); *H NMR (400 MHz, 
CDC13) 8 7.23 (m, 5H), 5.62 (m, 1H), 5.01 (m, 2H), 3.71 (ddt, J= 12.89, 6.45, 1.76 Hz, 
1H), 2.83 (ABX, J= 13.29, 6.25 Hz, 1H), 2.56 (ABX, J= 14.85, 6.45 Hz, 2H), 2.14 (ABX, 
J= 14.26, 8.01 HZ, 1H), 1.63-1.27 (m, 8H), 1.12 (m, 4H), 0.92 (t, J=6.84, 3H); 13C NMR 
(100 MHz, CDC13) 8 139.38 (e), 134.66 (o), 129.78 (o), 128.20 (o), 126.10 (o), 116.95 
(e), 75.47 (e), 71.16 (o), 43.79 (e), 43.50 (e), 35.93 (e), 32.60 (e), 31.06 (e), 19.64 (e), 
16.38 (e), 14.96 (o); HRMS (El, M++Na) calcd for Ci8H260  281.1876, found 281.1875.
Bn1
Chemical Formula: C22H260  
Molecular Weight: 306.44
(2R*,6R*)-2-allyl-6-benzyl-2-((S)-4-methylcyclohexa-2,4-dien-l-yl)tetrahydro-2H- 
pyran (52): IR (neat) 3068 (m), 3032 (m), 2957 (m), 2878 (m), 1721 (m), 1642 (m),
1611 (m), 1515 (m), 1497 (m), 1444 (m), 1273 (m), 1080 (m), 1044 (m), 1006 cm ' 1 (m); 
!H NMR (400 MHz, CDC13) 5 7.31-7.08 (m, 9H), 5.25 (ddt, J= 17.2, 14.1, 7.0 Hz, 1H),
4.83- 4.74 (m, 2H), 3.89 (ddt, J= 13.7, 6 .6 , 2.4 Hz, 1H), 2.90 (ABX, J= 13.7, 7.0 Hz, 2H), 
2.71 (ABX, J= 13.3, 5.5 Hz, 2H), 2.32 (s, 3H), 1.3-1.15 (m, 6H); 13C NMR (100 MHz, 
CDC13) 5 145.05 (e), 139.43 (e), 135.78 (e), 133.89 (o), 129.84 (o), 128.64 (o), 128.22 
(o), 126.14 (o), 125.00 (o), 76.78 (e), 71.60 (o), 116.84 (e), 43.77 (e), 38.85 (e), 35.38 (e), 
30.90 (e), 21.22 (o), 20.13 (e); HRMS (El, M++Na) calcd for C22H260 329.1876, found 
329.1875.
O
B n ^ ^ T I P S ^
Chemical Formula: C22H380 2Si 
Molecular Weight: 362.62
7-phenyl-6-((triisopropylsilyl)oxy)heptan-2-one (54): IR (neat) 3028 (m), 2944 (m), 
2866 (m), 2361 (w), 2341 (w), 1718 (m), 1542 (m), 1361 (m), 1245 (m), 1160 (m), 1102 
(m), 1058 (m), 1042 cm ' 1 (m); !H (400 MHz NMR, CDC13) 5 7.33-7.27 (m, 2H), 7.23- 
7.20 (m, 3H), 4.13-4.07 (m, 1H), 2.92-2.87 (ABX, J=13.3, 5.5 Hz, 1H), 2.82-2.77 (ABX, 
J= 13.3, 7.8 Hz, 1H), 2.45-2.33 (m, 2H), 2.12 (s, 3H), 1.79-1.62 (m, 2H), 1.48-1.23 (m, 
2H), 1.08 (s, 21H); 13C (100 MHz NMR, CDC13) 5 208.71 (e), 139.09 (e), 129.73 (o),
128.40 (o), 126.28 (o), 73.59 (o), 44.16 (e), 43.84 (e), 43.58 (e), 35.72 (e), 29.80 (o),
19.21 (e), 18.38 (o), 12.92 (o); HRMS (El, M++Na) calcd for C22H380 2Si 385.2533, 
found 385.2527.
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Crystallographic Data for:
l-((2R,6R)-6-benzyl-2-methyltetrahydro-2H-pyran-2-yl)-3,3-dimethylbutan-2-one (42)
ci i CI3
;ci«
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Table 1. Crystal data and structure refinement for pbca.
Identification code pbca
Empirical formula C19H28 02
Formula weight 288.41
Temperature 100(2) K
Wavelength 1.54178 A
Crystal system Orthorhombic
Space group Pbca
Unit cell dimensions a = 16.1439(7) A a=90°.
b = 11.7065(4) A (3=90°.
c=  18.0988(7) A y = 90°.
Volume 3420.5(2) A3
Z 8
Density (calculated) 1.120 Mg/m3
Absorption coefficient 0.546 mm-1
F(000) 1264
Crystal size 0.215 x0.18x0.078 mm3
Theta range for data collection 4.89 to 66.95°.
Index ranges -19<=h<= 18, -13<=k<= 13, -21<=1<=20
Reflections collected 28291
Independent reflections 3014 [R(int) = 0.0863]
Completeness to theta = 66.95° 99.1 %
Absorption correction Numerical
Max. and min. transmission 0.9587 and 0.8916
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 3014/0/302
Goodness-of-fit on F2 2 . 0 1 1
Final R indices [I>2sigma(I)] R1 = 0.0544, wR2 = 0.0793
R indices (all data) R1 = 0.0968, wR2 = 0.0845
Largest diff. peak and hole 0.272 and-0.361 e.A"3
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x 103) 
for pbca. U(eq) is defined as one third of the trace of the orthogonalized U'J tensor.____________
X V z Ufea)
0 ( 1 ) 780(1) 6386(1) 4155(1) 23(1)
C(3) 142(1) 3423(1) 3667(1) 2 2 ( 1 )
C(4) 2359(1) 5714(2) 3575(1) 29(1)
C(5) 1 0 2 ( 1) 4671(1) 3871(1) 23(1)
C(6 ) 951(1) 5191(1) 4028(1) 2 2 (1 )
C(7) 2146(1) 6965(2) 3718(1) 27(1)
C(8 ) 2502(1) 7460(2) 5434(1) 27(1)
C(9) 392(1) 2606(2) 4176(1) 27(1)
C(10) 1574(1) 5042(2) 3409(1) 26(1)
C(ll) 424(1) 1456(2) 3982(1) 34(1)
C(12) 1796(1) 6788(2) 5094(1) 25(1)
C(13) -71(1) 3062(2) 2965(1) 29(1)
C(14) 1489(1) 7107(1) 4322(1) 24(1)
C(15) 206(1) 1117(2) 3279(1) 36(1)
C(16) -44(1) 1918(2) 2766(1) 35(1)
C(18) 2870(1) 7011(2) 6154(1) 30(1)
C(19) 2227(2) 6466(3) 6648(2) 65(1)
C(20) 3487(2) 6065(4) 5942(2) 104(2)
C(21) 3269(4) 7984(4) 6567(3) 1 2 2 (2 )
0 ( 2 ) 2772(1) 8329(1) 5147(1) 37(1)
C(2) 1126(2) 8305(2) 4311(1) 32(1)
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Table 3. Anisotropic displacement parameters (A2x 103)for pbca. The anisotropic 
displacement factor exponent takes the form; -2ft2[ h2a*2Uu + ... + 2 h k a* b* U12 1
U 1] U 22 U 33 U 23 U 13 U 12
0 (1 ) 21(1) 17(1) 30(1) -1(1) -3(1) -1(1)
0 (3 ) 17(1) 22(1) 26(1) -2(1) 1(1) -3(1)
0 (4 ) 22(1) 30(1) 34(1) 4(1) 3(1) -1(1)
0 (5 ) 21(1) 22(1) 26(1) 0(1) -2(1) 0(1)
0 (6 ) 23(1) 16(1) 26(1) 0(1) -4(1) 0(1)
0 (7 ) 23(1) 28(1) 30(1) 5(1) 1 0 ) -6(1)
0 (8 ) 23(1) 25(1) 33(1) -3(1) 5(1) -2(1)
0 (9 ) 27(1) 26(1) 29(1) -1(1) -2(1) -2(1)
0 (10 ) 24(1) 24(1) 30(1) 1(1) 0(1) 1(1)
0 (11) 33(1) 24(1) 45(2) 3(1) -1(1) 1(1)
0 (12 ) 25(1) 23(1) 27(1) 3(1) -3(1) -6(1)
0 (13 ) 30(1) 28(1) 29(1) 0(1) -3(1) -4(1)
0 (14 ) 23(1) 19(1) 30(1) 2(1) -4(1) -6(1)
0 (15 ) 32(1) 26(1) 50(2) -12(1) 4(1) -4(1)
0 (16 ) 35(1) 34(1) 35(1) -10(1) 1(1) -6(1)
0 (18 ) 24(1) 35(1) 32(1) 0(1) -5(1) -4(1)
0(19) 59(2) 102(2) 33(2) 22(2) -9(2) -21(2)
C(20) 86(3) 156(4) 70(3) 59(2) 38(2) 83(3)
0 (21 ) 199(5) 78(3) 87(3) 23(2) -104(3) -60(4)
0 (2 ) 37(1) 32(1) 44(1) 4(1) -4(1) -13(1)
0 (2 ) 34(2) 20(1) 41(2) 4(1) -2(1) -2(1)
Table 4. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 103) 
for pbca._____________________________________________________________
X V z U(ea)
H(12A) 1952(10) 5981(14) 5115(8) 30(5)
H(9) 564(10) 2850(12) 4685(9) 29(5)
H(10A) 1326(9) 5308(11) 2916(9) 21(5)
H(6 ) 1176(9) 4845(11) 4510(8) 20(4)
H(13) -232(10) 3636(14) 2594(9) 34(5)
H(5A) -159(9) 5088(12) 3444(9) 23(5)
H(4A) 2770(10) 5642(12) 3141(9) 24(5)
H(4B) 2643(10) 5385(12) 4014(9) 23(5)
H(2A) 687(11) 8405(14) 4700(10) 43(6)
H(11) 612(11) 869(14) 4356(10) 44(6)
H(10B) 1690(9) 4201(13) 3346(8) 27(5)
H(2B) 1562(12) 8874(16) 4387(10) 53(6)
H(12B) 1315(11) 6861(13) 5441(9) 37(6)
H(15) 228(11) 278(15) 3152(9) 53(6)
H(2C) 882(11) 8462(13) 3806(10) 39(6)
H(5B) -257(10) 4764(12) 4332(9) 27(5)
H(16) -225(10) 1704(13) 2237(10) 42(6)
H(7A) 2636(11) 7397(13) 3864(9) 26(5)
H(7B) 1919(10) 7338(13) 3242(9) 31(5)
H(21A) 3484(15) 7704(18) 7036(14) 88(9)
H(20A) 3780(18) 6060(30) 5551(16) 119(13)
H(21B) 2880(20) 8540(30) 6657(19) 132(18)
H(18) 3895(15) 6820(20) 5956(15) 75(10)
H(19A) 2496(13) 6182(17) 7104(12) 71(8)
H(19B) 2073(15) 5764(19) 6399(14) 85(10)
H(20B) 3741(16) 5760(20) 6431(16) 119(10)
H(19C) 1750(30) 7100(30) 6790(20) 2 2 0 (2 0 )
H(21C) 3650(20) 8360(30) 6230(20) 179(19)
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Crystallographic Data for:
2-(6-benzyl-2-propyltetrahydro-2H-pyran-2-yl)-l-(4-(trifluoromethyl)phenyl)ethanone
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Table 1. Crystal data and structure refinement for plbar.
Identification code p lbar
Empirical formula C24 H27 F3 0 2
Formula weight 404.46
Temperature 100(2) K
Wavelength 1.54178 A
Crystal system Triclinic
Space group P-l
Unit cell dimensions a = 8.5181(2) A a=
85.2990(10)°.
Volume
b =  10.6532(2) A b= 
c =  12.0105(2) A g =
1082.68(4) A3
Z 2
Density (calculated) 1.241 Mg/m3
Absorption coefficient 0.790 mm ' 1
F(000) 428
Crystal size 0.56 x 0.16 x 0.11 mm3
Theta range for data collection 3.69 to 58.65°.
Index ranges -9<=h<=7, -11 <=k<= 11, -13<=
Reflections collected 15278
Independent reflections 3000 [R(int) = 0.0337]
Completeness to theta = 58.65° 96.8 %
Absorption correction Numerical
Max. and min. transmission 0.9181 and 0.6678
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 3 0 0 0 / 0 / 2 9 1
Goodness-of-fit on F2 0.984
Final R indices [I>2sigma(I)] R1 =0.0420, wR2 = 0.1139
R indices (all data) R1 =0.0470, wR2 = 0.1212
Largest diff. peak and hole 0.153 and -0.147 e.A ' 3
87.0940(10)°.
86.1680(10)°.
1<=13
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Table 2. Atom ic coordinates ( x 104) and equivalent isotropic displacem ent param eters (A2x 103)
X V z U(eq)
0 ( 1 ) 4144(1) 2267(1) 9476(1) 62(1)
0 (2 ) 2262(2) 4997(1) 9959(1) 104(1)
F(l) 5653(16) 7227(5) 4610(4) 148(3)
F(2) 6632(10) 8153(12) 5848(6) 186(5)
F(3) 4415(8) 8715(4) 5379(8) 143(2)
F(1B) 6676(14) 7019(8) 5138(15) 157(4)
F(2B) 4559(16) 7900(30) 4706(12) 224(10)
F(3B) 5940(30) 8607(10) 5884(7) 180(8)
C(l) 7914(3) 3707(2) 7205(2) 92(1)
C(2) 8838(4) 3971(4) 6253(3) 126(1)
C(3) 9605(4) 3020(6) 5694(3) 142(1)
C(4) 9510(4) 1811(5) 6059(3) 136(1)
C(5) 8576(3) 1543(3) 7035(2) 1 0 2 ( 1 )
C(6 ) 7755(2) 2483(2) 7610(2) 70(1)
C(7) 6731(2) 2240(2) 8643(2) 74(1)
C(8 ) 5017(2) 2086(2) 8426(1) 63(1)
C(9) 4733(2) 826(2) 7986(2) 78(1)
C(10) 2983(3) 730(2) 7885(2) 83(1)
C(ll) 2068(2) 989(2) 8991(2) 74(1)
C(12) 2456(2) 2213(2) 9490(1) 61(1)
C(13) 1954(2) 2233(2) 10732(2) 65(1)
C(14) 225(2) 2 1 2 2 (2 ) 11084(2) 85(1)
C(15) -88(3) 2194(2) 12333(2) 1 0 0 ( 1)
C(16) 1707(2) 3365(2) 8819(2) 6 8 ( 1 )
C(17) 2395(2) 4577(2) 9031(2) 6 8 ( 1)
C(18) 3223(2) 5312(1) 8101(1) 58(1)
C(19) 4168(2) 6239(2) 8370(2) 69(1)
C(20) 4866(2) 6996(2) 7552(2) 73(1)
C(21) 4641(2) 6836(2) 6445(1) 6 6 ( 1)
C(22) 3729(2) 5913(2) 6161(2) 71(1)
C(23) 3026(2) 5155(2) 6982(1) 67(1)
C(24) 5370(3) 7684(2) 5559m 92(1)
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Table 3. Anisotropic displacement parameters (A2x 103)for plbar. The anisotropic 
displacement factor exponent takes the form: -2p2f h2a*2Un +... + 2 h k a* b* U12 1
U11 U22 U33 u23 U13 U12
0 ( 1 ) 53(1) 70(1) 64(1) -8 ( 1 ) -1 0 ( 1 ) -7(1)
0 (2 ) 172(2) 70(1) 71(1) -1 1 ( 1 ) 1 2 ( 1 ) -23(1)
F(l) 244(8) 119(3) 81(3) -19(2) 50(4) -54(4)
F(2) 143(4) 262(11) 166(5) 37(6) -6(3) -129(5)
F(3) 185(5) 96(3) 139(4) 41(2) 19(3) 1 (2 )
F(1B) 128(6) 148(6) 185(9) -4(6) 77(6) -22(4)
F(2B) 167(9) 380(20) 129(9) 148(12) -67(7) - 1 2 1 ( 1 1 )
F(3B) 370(20) 86(4) 97(4) -13(3) 24(8) -113(7)
C(l) 69(1) 1 0 2 (2 ) 104(2) 1 ( 1 ) -1 1 ( 1 ) -1 0 ( 1 )
0 (2 ) 94(2) 163(3) 1 2 1 (2 ) 39(2) -16(2) -36(2)
0(3) 90(2) 242(5) 95(2) -2(3) -1 (2 ) -20(3)
0(4) 87(2) 202(4) 1 2 0 (2 ) -64(2) 5(2) 19(2)
0(5) 80(2) 117(2) 106(2) -29(1) -2 ( 1 ) 16(1)
0 (6 ) 51(1) 89(1) 69(1) -1 0 ( 1 ) -13(1) 2 ( 1)
0(7) 61(1) 92(1) 71(1) -7(1) -1 2 ( 1 ) -2 ( 1 )
0 (8 ) 59(1) 65(1) 65(1) -6 ( 1 ) -1 2 ( 1 ) 0 ( 1)
0(9) 84(1) 67(1) 85(1) -15(1) -13(1) 1 ( 1)
0 ( 1 0 ) 92(1) 6 6 ( 1 ) 97(1) -19(1) -24(1) -15(1)
0 ( 1 1 ) 75(1) 61(1) 89(1) -2 ( 1 ) -2 0 ( 1 ) -16(1)
0 ( 1 2 ) 52(1) 57(1) 75(1) 0 (1 ) -15(1) -8 (1 )
0(13) 59(1) 62(1) 74(1) 4(1) -9(1) -4(1)
0(14) 63(1) 8 6 ( 1 ) 106(2) 0 ( 1 ) -1 ( 1 ) -9(1)
0(15) 83(2) 103(2) 107(2) 5(1) 23(1) 5(1)
0(16) 63(1) 64(1) 77(1) 3(1) -16(1) -5(1)
0(17) 82(1) 54(1) 67(1) -4(1) -1 1 (1 ) 2 (1)
0(18) 62(1) 52(1) 61(1) -8 ( 1 ) -13(1) 4(1)
0(19) 79(1) 70(1) 61(1) - 1 2 ( 1 ) -18(1) -6 ( 1)
C(20) 72(1) 71(1) 79(1) -1 0 ( 1 ) - 1 2 ( 1 ) -16(1)
0 (2 1 ) 63(1) 6 6 ( 1) 69(1) -7(1) -3(1) - 1 ( 1 )
C(22) 82(1) 75(1) 59(1) -1 0 ( 1 ) -1 2 ( 1 ) -7(1)
C(23) 74(1) 61(1) 69(1) -1 0 ( 1 ) -16(1) - 1 0 ( 1 )
C(24) 96(21 96(2) 85(2) -5(1) 90) - 2 0 0 1
110
Table 4. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 
103)
for plbar._________________________________________________________________
____________________________ x_____________ y_____________ z___________ U(eq)______
H(l) 7371 4384 7595 110
H(2) 8933 4820 5991 151
H(3) 10227 3205 5028 171
H(4) 10067 1149 5660 164
H(5) 8514 691 7300 122
H(7A) 6763 2948 9142 89
H(7B) 7168 1465 9040 89
H(8) 4651 2768 7878 75
H(9A) 5148 139 8499 94
H(9B) 5301 729 7245 94
H(10A) 2598 1346 7300 100
H(10B) 2804 -125 7659 100
H(11A) 2307 277 9531 89
H(11B) 924 1035 8878 89
H(13A) 2573 1536 11118 78
H(13B) 2261 3030 11012 78
H(14A) -421 2810 10705 102
H(14B) -97 1310 10846 102
H(15A) 552 1516 12711 150
H(15B) -1209 2101 12530 150
H(15C) 189 3011 12567 150
H(16A) 1856 3209 8012 81
H(16B) 557 3453 9018 81
H(19) 4335 6352 9131 83
H(20) 5504 7630 7751 87
H(22) 3581 5795 5398 86
H(23) 2398 4517 6777 80
